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Abstract 
Parabolic trough collectors employ receiver tubes whose optical performance influence in the whole plant efficiency. In the same 
way of the mirror’s reflectance, maintenance of tube’s transmittance at high values is a big challenge in the Operation and 
Maintenance of solar plants. 
Clean borosilicate glass transmittance is increased from 92% to 96% depositing an antireflective (AR) coating. Until now 
periodic measurement of transmittance in the solar field has not been possible. The only options for users were to uninstall the 
tubes or even break them to analyze their properties in a laboratory. 
In the developed experiment, conservative and aggressive cleaning methods have been applied repeatedly on tubes placed in a 
solar field, evaluating their effectiveness regarding transmittance maximization, both short term, attending to soiling reduction, 
and long term, evaluating the receiver tubes damaging along their lifespan. 
The new portable spectrophotometer, Mini Incus, allows the measuring of the tube´s transmittance in the solar field, and due to 
this, the soiling factor and cleaning methods influence on the tubes transmittance evolution can be evaluated. 
The experiment evaluates the effects caused on the tube by cleaning procedures, concluding the most efficient method. 
Performance maximization and maintenance over tubes working life are considered. In addition, novel transmittance monitoring 
is relevant to determine the required cleaning cycles to maintain desired transmittance values and optimize the energy production 
in commercial plants. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The biggest challenges for Concentrated Solar Power (CSP) technology are cost reduction and performance 
increase. Nowadays parabolic trough collector’s plants are the most common. Being at the beginning state of their 
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estimated lifespan of at least 25 years, it is crucial to be efficient at Operation and Maintenance (O&M) labors [1, 2] 
for the optimum use of the available solar resource in existing plants. 
 
Parabolic troughs use concentrator mirrors like all any other CSP technology, to focus the radiation onto the 
receiver tubes [3], which represent the most significant difference from others CSP technologies and are one of the 
biggest investments in a plant. To catch the maximum amount of intercepted energy, they are composed by two 
concentric tubes. The inner tube is made of steel and coated with a high absorbance layer [4]. The outer tube is made 
of borosilicate glass with a solar transmittance [5] of 92%, but an antireflective layer [6, 7] deposited using dip-
coating increases the transmittance up to 96%. Between both tubes the vacuum reduces thermal losses and avoids 
the absorptive coating degradation. The performance of the receiver tubes [8] which has a direct impact on the 
global plant`s performance depends on different factors, such as geometrical losses, decreased by the tube 
displacement from the focus, or thermal losses with high dependence on vacuum maintenance. The tubes optical 
performance encompasses the absorbance of the inner tube, which should remain constant within the vacuum and 
also the transmittance of the outer glass tube, which present higher dependence on the O&M cleaning activities. 
 
Some parabolic trough power plants dedicate abundant resources to clean the components of huge solar fields [7], 
using mirror´s reflectance as the controlled reference. Monitoring of mirror reflectance [9, 10] is a common task 
developed daily in commercial plants. However no effort has yet been made to monitor tubes transmittance, which 
has also impact on the global plant performance [11]. Due to concentrating factor the loss of an effective surface on 
the tube is more critical than losing an equal surface on the mirrors. The main cause of the lack of control over the 
transmittance has been the difficulty of its measurement and the absence of portable devices to characterize tubes 
placed in the solar field. The only option was to uninstall the tube and measure it in a laboratory, or even break it. 
 
Newest portable spectrophotomer Mini Incus [5, 12], allows the measuring of the receiver tube optical properties 
in the solar field, obtaining the outer tube transmittance and the inner tube absorbance values rapidly and accurately. 
It offers the possibility to monitor the evolution of the tube´s transmittance in a solar plant, control the decrease of 
the transmittance or soiling ratio to determine the cleaning cycles, or measure the efficiency of the applied cleaning 
method. It is also relevant concerning tubes guarantee, since the receiver tubes manufacturers use an equation [13] 
which includes the transmittance, absorbance and emittance. Therefore, the transmittance is the only property 
included in the guarantee on which O&M activities have an influence. Some of the tubes manufacturers fix some 
limitations regarding cleaning methods applied on the tubes, which are faithfully followed by users. 
2. Test method 
The aim of this experiment is to study the dependence of the cleaning methods applied on receiver tubes placed 
in the solar field and the performance of the tubes, which influences the global plant performance. In doing so, 
different cleaning methods have been defined by varying the factors involved in the process. These methods have 
been repeatedly applied to a commercial receiver tube placed in the solar field of Solucar (Sevilla, Spain), in such a 
way that it was exposed to common surrounding factors in a solar plant such as wind, dust, rainfalls, vehicles transit, 
etc. Using the unique 4 meters long tube, 6 different test samples were established. Each sample is 20 cm long and 
they are separated 50 cm. Each of the 5 tested cleaning methods was applied to the correspondence test sample, for 
instance, method 1 was applied to test sample number 1. Test sample number 6 kept unalterable during the test as a 
reference. 
 
The monitored parameter to evaluate and compare the efficacy of each method and the tube performance is the 
solar transmittance [11, 12] of the outer glass tube in each of the test samples. The increase of transmittance 
achieved by each method is measured in every single application. The efficacy of the methods is tested at different 
levels of dirtiness, even in extreme cases. In addition to the short term efficacy attending to the value reached by the 
transmittance with one application, more aspects related to the cleaning methods are studied, such as the long term 
efficacy or the capacity of each method to maintain the maximum tube performance over their lifespan, not 
removing the antireflective layer or damaging the surface. 
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Different tubes manufacturers fix limitations regarding cleaning methods applied on their products. Main 
common limitations in their technical specifications [13] were taken into account in order to define the configuration 
of the five cleaning methods evaluated in the experiment. Limitations are listed in table 1. 
 
                                            Table 1. Manufacturers’ cleaning delimitations. Standard method  
Limited factor Value 
Distance >40 cm 
Water pressure <20 bar 
Nozzle aperture >25º 
Fluid 
Contact 
Demineralized water 
No contact or brushes 
 
All receiver tubes users follow these parameters so it represents the standard method. Therefore, during the 
experiment, conditions from this standard method were replicated on test sample number 5, to compare it with the 
other methods. To configure the remaining 4 methods the following factors have been varied 
 
• Number of water jets 
• Fluid 
• Nozzle aperture 
• Application distance 
• Contact/ No contact (and contact element) 
• Natural/ contact drying                                                          
                                                               
 
                                                                                                                                    Fig. 1. Water jets incidence directions 
 
For the five evaluated methods there were common factors; a pressure washer with 100 bar of pumping pressure 
and 390 l/h of flow was used with demineralized water as cleaning fluid. Pressure washer pistol has a nozzle which 
allows increasing the water jet aperture angle (figure 2) and consequently reducing the water jet pressure. Each of 
the water jets was applied for 4 seconds, passing along the 20 cm sample. Water jets incidence direction followed a 
common criterion, being 30º and 150º with the normal to the tube surface perpendicular to the ground (figure 1). 
The reason is because tubes placed in solar plants are cleaned by trucks which pass along the collector and due to 
the structural brackets is more difficult to apply the water jets to the part which is looking towards the mirrors (180 
to 360º range in figure 1). Methods 1, 2 and 3 entail direct contact with the tube using different elements. For all the 
contact cleanings application, 4 passes over the 20 cm sample were done in the longitudinal axis, 2 in each direction. 
 
Standard method which fulfils manufacturer’s recommendations, method 5 in the experiment, respects the tube 
and could be considered conservative. For this reason, in the configuration of the remaining 4 methods, factors have 
been varied and combined resulting more aggressive methods, which overpass manufacturer limits. In this way it is 
desired to make use of this experiment to study the effect of these aggressive methods, and the influence of the 
parameters in the efficiency. Established cleaning methods for the experiment are detailed in table 2. All the 
methods encompass cleaning and drying, and additionally, methods 1 and 4 have an intermediate secondary rinse. 
Method 1 starts with a big aperture diffuse water jet, figure 2(a), to wet the tube, and after contact cleaning using a 
microfiber cloth (80% polyester and 20% polyamide), final rinse is done with very low aperture water jets, figure 
2(b). Method 2 uses two natural sponges made from vegetable cellulose and high porosity, one for cleaning and 
other one for drying. Method 3 uses contact cleaning by a brush with 1mm diameter polypropylene bristle, and two 
30º aperture water jets in the two common directions, figure 2(c) and 2(d). Method 4 starts with a diffuse water jet 
which includes ammonia as additive fluid diluted in the demineralized water. Low concentration of ammonia results 
a basic solution with a pH of 12. Separation between test samples avoids cleaning interaction. Test sample 6 was 
covered during cleaning activities to avoid any water splashing. 
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                  Table 2. Cleaning methods application definition    
Sequential task Parameter Method 1 Method 2 Method 3 Method 4 Method 5 
A.Cleaning Number of water jets 1 2 2 1 2 
 Water jets direction 30º 30º/150º 30º/150º 30º 30º/150º 
 Additive fluid - - - Ammonia - 
 Nozzle aperture >90º 30º 30º >90º 30º 
 Nozzle-tube distance 40 cm 40 cm 40 cm 40 cm 40 cm 
 Contact cleaning Fiber cloth Sponge A Brush - - 
B.Secondary rinse Number of water jets 2   2  
 Water jets direction 30º/150º   30º/150º  
 Additive fluid -   -  
 Nozzle aperture <3º   30º  
 Nozzle-tube distance 40 cm   20cm  
 Contact cleaning -   -  
C.Drying  Natural Sponge B Natural Natural Natural 
 
a                                                b                                          c                                                    d 
 
 
 
 
 
 
 
 
Fig. 2.(a) Diffuse >90º aperture; (b) < 3º aperture; (c) 30º aperture in 150º direction; (d) 30º aperture in 30º direction 
 
The experiment was carried out until a significant number of applications of each of the 5 methods were 
accumulated in their respective test samples. Finally, as is detailed on table 3, the test took 37 days, along which a 
total of 9 applications of each method (considering one application the sequence in table 2), were carried out. 
 
     Table 3. Experiment schedule    
Developed tasks Natural days 
Initial state characterization 0 
Application 1 3 
Application 2 6 
Application 3 9 
Application 4 12 
Application 5 15 
Application 6 18 
Application 7 21 
Application 8 (extremely dirty state) 24 
Characterization after rainfalls 31 
Application 9 34 
Final state characterization 37 
                                                                                                                               Fig. 3. Experiment configuration 
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Experiment emplacement and used elements, described below, can be observed in figure 3. Evaluated tube was 
sustained by two metallic supports allowing its thermal expansion. The inner tube was heated by non-concentrated 
sunlight. The outer examined glass tube temperature was at every time equal to the ambient temperature, due to the 
lack of absorbance and the inner vacuum insulation. Climatic conditions during cleaning applications register 
temperatures between 27 and 39ºC, and relative humidity between 38 and 67%. From days 27 to 30 abundant 
rainfalls took place. After the tube characterization on day 21, all the test samples except the reference one were 
intentionally soiled. Directing a high pressure water jet against the ground, the tube was sand spattered, figure 11(a). 
This simulated extreme case allowed evaluating the different methods in extreme soiling conditions but it is 
necessary to clarify that such high soiling state does not occur in tubes placed in commercial solar plants. 
2.1. Measurement 
During the experiment, monitoring activities have been periodically developed over the evaluated samples, in 
order to characterize the effects caused by each of the cleaning methods applied. The main measurable property 
directly affected by the cleaning method is the outer glass tube transmittance, so this property has been used as the 
main ratio to compare the efficiency of each of the methods. Mini Incus portable spectrophotomer has been used to 
measure the transmittance. The device presents two main optical sets: one for measuring transmittance of the 
borosilicate outer tube and one for measuring the reflectance of the absorber tube as it can be seem in figure 4. 
Activities in the present experiment do not affect to the inner tube absorbance, which remains invariable during the 
study, therefore the device has been used just for the transmittance measurement. 
 
 
 
 
 
 
 
 
 
Fig. 4.Measurement mode 
 
The transmittance measurement is taken by emitting a light beam which goes through the borosilicate and is 
evaluated. Along its optical path this beam goes through the borosilicate twice at points with different curvature. 
The instrument takes this into account when making calculations. Transmittance encompasses the optical range from 
UV up to medium IR (365 – 1950 nm) taking measures in 15 different wavelengths: 365, 405, 470, 525, 588, 655, 
780, 870, 940, 1050, 1300, 1550, 1720 y 1950 nm. These immediate values measured by the instrument are 
processed in order to obtain the final values of solar transmittance, applying the standard ASTM G-173 [14]. This 
standard establishes the solar weight of each wavelength from 300 to 2500 nm with a 5 nm step. Therefore, from the 
15 wavelengths measured by the instrument, a continuous function from 300 to 2500 nm is obtained in two steps. 
Firstly, a spline interpolation method [15] is used to build up a continuous function from 365 to 1950 nm, the range 
encompassed by the device. Secondly, the function is completed from 300 to 365 nm and from 1950 to 2500 nm by 
extrapolating the remaining values from the curves provided by the manufacturer. 
 
Besides transmittance measurement, test samples have been evaluated by visual characterization in order to check 
how the surface is affected by cleanings. For this purpose images have been taken using both a common photo 
camera and a magnifying camera PCE-MM200. Magnified images with 50 and 200 increases were taken four 
different days distributed along the experiment to monitor the evolution An initial characterization of each test 
sample was carried out, after taking out the tube protective envelope in a warehouse in order to establish the starting 
reference state. During daily test development, characterization was carried out before and after the cleaning 
activities. Also an extra characterization was performed after rainy days. For the final characterization, all the test 
samples were cleaned using the same method, a simple water rinse.  
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3. Results 
The starting point in the experiment is the initial characterization of every test sample just after remove the 
covering envelope from the tube. Transmittance curves of the six samples are showed in figure 5 and solar 
transmittance values are listed in table 4. The tube average transmittance was 96.3% and all the samples presented a 
very similar curve. It is detected that sample 3 starting value was lower than the others. 
 
Table 4. Initial transmittance     
Sample Solar transmittance (%) 
1 96.1 
2 96.3 
3 95.6 
4 96.4 
5 96.7 
6 96.4 
 
 
 
 
                                                                                                                Fig. 5. Transmittance of evaluated samples at the initial state 
 
The variation of the solar transmittance value along the experiment in each on the test samples is represented in 
figure 6. For each of the days and the methods, 2 values of transmittance are showed, corresponding to the state 
before and after cleaning, in order to appreciate the efficiency. The experiment can be divided in two stages, the first 
one comprised between days 0-21 where standard soiling conditions occur and the second one starting after the 
extreme soiling, since which the transmittance is decreased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Solar transmittance values registered along the test 
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3.1. Reference sample 
Test simple number 6 did not suffer any kind of interaction during the experiment, just the exposure to the 
surrounding factors, as the rainfalls and the final rinse. The soiling ratio could be determined by the pace of 
transmittance decreasing. Obviously this variation is not constant, depending of several factors [5], but in this 
experiment this ratio is comprised in 0.2-0.3%/day. The state on day 18 is showed in figure 7. 
 
                         a                                                                      b 
 
 
 
 
    
 
Fig. 7.(a) Visual image of the reference sample on day 18; (b) Magnified image. 
3.2. Contact methods 
Three of the five evaluated methods entail direct contact with the tube. It could be expected that these methods 
achieve higher degree of cleanness, removing dirt particles that water cannot drag. However according to the 
obtained results in this test, non-contact methods have achieved higher values of transmittance in every application. 
Hypothetic benefits from contact methods have not been obtained. Nevertheless some of the adverse effects have 
clearly appeared. Referring to erosion on the glass surface, method 3 which uses a polypropylene brush has resulted 
absolutely damaging. Since firsts applications scratches appeared as it showed in figure 8. In addition, water spots 
remain on the tube surface. Scratches on the surface of the glass tube may reduce the structural strength of the tube 
leading to breakage, but also it has been proved in this experiment how they cause rapid and notable transmittance 
reduction. Even in some applications, contact methods caused a transmittance decrease. 
 
a                                                                             b                                                      c 
 
 
 
 
 
 
 
Fig. 8.(a) Visual image of sample 3 on day 18; (b) 50X magnified image with scratches and water spots; (c) 200X magnified image 
 
In addition of surface damaging contact methods may cause the antireflectance layer removal with the 
consequent transmittance decrease. Glass transmittance curve differs from an antireflective coated glass curve, 
presenting different morphology and peaks along the solar spectrum. Attending at curves on days 24 (figure 12) and 
day 37 (figure 13(a)), sample 3 curve presents quantitative differences but also qualitative with peaks at 470 nm. 
Surface deterioration of transmittance curve change has not been detected on samples 2 and 3. Other effect related 
with contact method occurred in sample 2. This sample was not dried by natural convection, but using a sponge. 
This fact, of absence of a final water rinse has become crucial. Water marks caused by the sponge pass, observed in 
figure 9, cause a transmittance decrease, being specially appreciable on days 3 and 12. 
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                     a                                                                              b 
 
 
 
 
 
 
  
Fig. 9.(a) Visual image of sample 2 on day 12; (b) 50X magnified image with sponge marks 
3.3. Extreme soiling case. Importance of cleaning directionality 
It has to be pointed out that sand spattering was not uniform, with different sand spots density on each area of the 
tube. Transmittance value measured is therefore not rigorous as in a common state due to depending on the device 
location; the light beam emitted could be blocked by a dust spot. As it can be observed in figure 10, before cleanings 
all the samples present transmittance curves lower than the reference sample. After the applications, samples 1, 4 
and 5 achieved to recover the transmittance up to 94%, meanwhile method 2 resulted non efficient. 
 
 
a                                                                                           b  
 
 
 
 
 
 
 
 
 
Fig. 10.(a) Transmittance with sand spattered on the tube; (b) Transmittance after 2 applications of each method 
 
To eliminate the extreme soiling in this application it was necessary to apply each methods twice, and not 
because of the inefficacy of them, but because of the directional factor and the circumferential geometry. After the 
first application of each of the methods, applying the water jets on the described directions, 30 and 150º, half of the 
tube was cleaned, lest part in figure 11(b), however the opposite part kept with high degree of sand spattering, as it 
can be observed in the figure 11(b), so water jets on 210 and 330º were also applied. 
 
 
                           a                                                                      b 
 
 
 
 
 
 
 
Fig. 11.(a) Extreme soiling state generated by sand spattering; (b) Half cleaned tube after just one application 
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3.4. Rainfalls effects 
During this test, 3 rainy days took place, with abundant rainfalls. After 8 cleaning applications, the six samples 
were exposed to the rain, what allowed appreciating some phenomena. Instead recover the initial state in all the 
samples, the result was the on attached in figure 12. Rainfalls increased and homogenize the transmittance curve of 
all the samples, except sample 3. This is caused for the deterioration and scratches in this sample, previously 
detailed. It can be also be detected how the transmittance in the reference sample is identical to the one in the other 4 
samples, both qualitative, looking at curves in figure 12, and quantitative, according to values in table 5. Attending 
to this result it can be assumed that methods 1, 2, 4 and 5 have not caused damage to the glass surface, neither 
antireflectance removal or scratches. 
 
Table 5. Transmittance after rainfalls    
Sample Solar transmittance (%) 
1 93.3 
2 93.7 
3 90.4 
4 93.7 
5 93.7 
6 93.5 
 
 
 
 
                                                         Fig. 12. Transmittance measured after rainfalls 
 
Rainfalls verified the high importance of the directionality explained in the previous point. Just before rainfalls 
occurred the tube still had sand spots and accumulated dirt from extreme soiling on day 21. Tubes zones between the 
evaluated test samples had more soiling. It was expected that abundant rainfalls eliminate this soling. During the 
tube characterization after rainfalls a similar appearance of figure 11(b) was observed, but in this case tube´s upper 
surface was clean and the lower surface which was looking at the ground during the rainfalls kept soiling spots. 
3.5. Final state 
It can be observed in table 6 how the transmittance of both non-contact samples and the reference sample 
concluded the experiment with transmittances higher than 94%. Approximately a 2% decrease from the initial state 
was registered in these samples. This phenomenon is caused because the two cleaning applied after the extreme sand 
spattering have not reestablished the initial state of a new tube. This is proved with magnified images taken at the 
end of the experiment where some spots can be observed on every sample, figure 13 (b). Transmittance decrease 
goes up to almost 3% in the case of brushed sample 3, due to the surface deterioration which has even changed the 
morphology of the transmittance curve as can be seen in figure 13. Sample 1 and 2 represent an intermediate case, 
having decreased their transmittance approximately 2.5%.  
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 Table 6. Final transmittance                  a                                                                              b 
Sample Solar transmittance (%) 
1 93.8 
2 93.6 
3 92.7 
4 94.3 
5 94.6 
6 94.1 
 Fig. 13.(a) Transmittance on day 37; (b) Magnified image of sample 6 at the final state 
4. Conclusions 
It has been developed an innovative study, monitoring the receiver tube performance depending of the applied 
cleaning methods. Five different cleaning methods have been tested varying and overpassing parameters limited by 
manufacturers. It can be concluded that the most effective method all along this experiment has been precisely the 
one which reproduces cleaning conditions indicated by receiver tubes manufacturers. This method is conservative in 
comparison with the rest tested methods; however no improvements have been achieved with included changes.  
 
It could be expected that contact methods achieve higher efficacy at the firsts single applications, however the 
efficacy of the non-contact methods have achieved higher values of transmittance in every application. Contact 
methods have even decreased the transmittance in some applications, due to the non-desired caused effects. 
Brushing has showed to be totally counterproductive. Polypropylene brush has resulted absolutely damaging since 
first application causing scratches and water spots on the tube surface. Scratches on the surface could lead to 
breakage, and also it has been proved in this experiment that they cause rapid and notable transmittance reduction. 
Also sponge contact has resulted counterproductive due to pass marks on the surface generate transmittance 
decrease. The most effective contact method has been the fiber cloth which cause less transmittance decreasing, and 
almost no scratching. Water rinse after contact methods has showed to be a key point to eliminate spots and marks. 
 
The experiment has been developed in a solar field with changing conditions as in a real solar plant. Reference 
sample has allowed measuring the soiling ratio or loss of efficiency in the tube, obtaining an average transmittance 
decrease of 0.2-0.3%/day. In spite of this soiling ratio, the standard method returned the transmittance almost to the 
maximum value in most of the applications before the extreme soiling test. Attending to this result, the standard 
method is the most appropriate due to the transmittance maximization and also due to it respects the tube state 
favoring a long lifespan. It is also the best attending to the easiness of application and the economical point of view. 
 
No differences have been detected depending on the distance between the nozzle and the tube, neither to the 
nozzle aperture or the use of ammonia as additive. The aggressive water jet tested with low aperture angle and high 
pressure has not caused damages on the surface but neither has caused differences in the transmittance values 
comparing it with 30º aperture angle. The most important effect detected is the directionality, or the influence of the 
water incidence direction on the tube. Due to the geometry of the tube, independently of the nozzle aperture angle, 
the cleaning is less efficient in the opposite part of the tube. This effect has been detected all along the experiment, 
underscored clearly at extreme soiled state and even suffered after abundant rainfalls. The most critical zone of the 
receiver tube is the effective part which is looking towards the mirrors and is receiving the concentrated radiation. 
Therefore it can be concluded that cleaning trucks used in solar plants should be equipped with water jets looking 
directly at the effective part of the tube. And this effect is also relevant in case of rainfalls. So in case that parabolic 
trough collector is positioned at zenith position when rainfalls occur, it benefits mirrors cleaning and reflectance 
increased, but from the tube point of view the effective part is downward and not against the rain direction. 
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Effects detected in this experiment reveal the importance of monitoring the receiver tubes transmittance in the solar 
fields, as the same way that mirrors reflectance is controlled. Proper transmittance monitoring has been showed to 
be useful to evaluate cleaning cycle’s efficacy and requirements, controlling the state of one of the main components 
of parabolic trough collectors and maximizing its exploitation. 
Acknowledgements 
Rafael Perez Santana and all the Operation & Maintenance staff from Eureka pilot power plant. Guillermo 
Espinosa Rueda from Abengoa Solar and Carlos Hermoso Fernandez. 
References 
[1] Cohen et al, “Final report on the operation and maintenance improvement program for concentrating solar power plants”, SAND99-1290 
Unlimited Release, June 1999 
[2] Price, H.,. A Parabolic Trough Solar Power Plant Simulation Model. 2003 Report No. NREL//CP-550-33209, NREL, Colorado, USA. 
[3] T.Kuckelkrom, Advances in Receiver Technology for Parabolic Trough Collectors- A step Forward Towards Higher Efficiency and Increased 
Lifetime  2009 SolarPaces 
[4] A.L.Avila Marin, Theoretical Analysis on the Influence of Selective and Antireflective Coating on PT Overall Efficiency SolarPaces 2009 
[5] G. Espinosa Rueda, N. Martínez Sanz, D. Izquierdo Núñez, M. Osta Lombardo. A Novel Portable Device to Measure Transmittance and 
Reflectance of Parabolic Trough Receiver Tubes in the Field, (2013) SolarPaces 
[6] Gombert A., Glaubitt W., Rose K., Dreibholz J., Heinzel et al.Antireflective transparent Covers for solar devices. Solar Energy. 68. (2000) 4, 
357 -360. 
[7] Forristal R. Heat transfer analysis and modeling of parabolic trough solar receiver implemented in engineering equation solver. NREL 
Technical Report. 2003, NREL/TP550-34169.NREL, Colorado USA. 
[8]  J. Jímenez Huertas, D. Gamez Vela, E.García Ramirez Cleaning vehicle and method for parabolic trough solar collectors, Patent US 
20120152281 A1 
[9] S.Meyen, A.Fernández-García, C. Kennedy , E. Lüpfert. Standardization of solar mirror reflectance measurements- round robin test.(2010) 
SolarPaces. 
[10] Crawford et al, “A Comparison of Three Portable Reflectometers for Use in Operations and Maintenance of CSP Plants”, SolarPACES 
conference proceedings, Marrakech, Morocco, 2012 
[11] Fritz Zaversky, Javier Garcia-Barberena, Marcelino Sanchez, David Astrain. Probabilistic modeling of a parabolic trough collector power 
plant – An uncertainty and sensitivity analysis. Solar Energy. 86 (2012 ) 2128 -2139. 
[12] G. Espinosa Rueda, A Novel Portable Device to Measure Transmittance and Reflectance of Parabolic Trough Receiver Tubes in the Field. 
2014 Boston. ES-FuelCell2014-6500 
[13] Siemens UVAC receiver tube user manual and Schott PTR receiver tube user manual. 
[14] ASTM G 173-03; Terrestrial Reference Spectra for Photovoltaic Performance Evaluation 
[15] A. Kouibia, M. Pasadas. Approximation by interpolating variational splines. Journal of Computational and Applied Mathematics, 218(2) 
(2008), pp. 342-349 
